Abstract. Springtime microwave brightness temperatures over first-year ice are examined for the southern Kara Sea. Snow emissivity changes are revealed by episodic drops in the 37-to 18-GHz brightness temperature gradient ratio measured by the Nimbus 7 scanning multichannel microwave radiometer. We suggest that the negative gradient ratios in spring 1982 result from increased scatter at 37 GHz due to the formation of a near-surface hoar layer. This interpretation is supported by the results of a surface radiation balance model that shows the melt signature occurring at below freezing temperatures but under clear-sky conditions with increased solar input to the surface. Published observations from the Greenland ice cap show a surface hoar layer forming under similar atmospheric conditions owing to the increased penetration and absorption of solar radiation just below the surface layer. In spring/early summer 1984 similar gradient ratio signatures occur. They appear to be due to several days of freezethaw cycling following the movement of a low-pressure system through the region. These changes in surface emissivity represent the transition from winter to summer conditions (as defined by the microwave response) and are shown to be regional in extent and to vary with the synoptic circulation.
Introduction
The energy budget over sea ice is largely determined by the radiation balance at the surface. This balance changes rapidly during the melt season, when the physical properties of the surface are altered; the most dramatic effects are shown in the surface albedo during the progression from snow melt to ice breakup. The albedo for sea ice with a fresh snow cover is about 75-80%.
This decreases to about 40-60% for old ice and drops to about 10% for open water. As melt progresses, there is a significant decrease in the regional albedo [Robinson et al., 1986 [Robinson et al., , 1992 . The springtime transition from winter to summer conditions thus represents a critical period when ocean-atmosphere interactions undergo rapid fluctuations owing to changing snow cover conditions, ice thickness, and ice concentration.
This transition period takes on added significance when one considers the results of several modeling experiments that suggest that the equilibrium ice thickness is strongly influenced by the surface albedo parameterization and the timing of the snow melt [Shine and Crane, 1984 high latitudes, with much of the warming being attributed to the temperature-albedo feedback in the seasonal sea ice zone (SSIZ), the region of high-latitude seas that experiences a seasonal ice cover [e.g., Dickinson et al., 1987] . Consequently, it becomes even more important that we develop a clearer understanding of ice processes during this period in the seasonal cycle to validate the results of both atmospheric and oceanic circulation models and of stand-alone dynamic and thermodynamic models of the polar sea ice cover.
Several hypotheses concerning spring melt could be suggested, the simplest and most obvious being that melt will follow a zonal progression related to the latitudinal change in the solar forcing with time throughout the melt season. An alternative possibility is that the melt would vary on a local basis according to regional features of the synoptic-scale atmospheric circulation. Tentative support for this second hypothesis comes from earlier work by Crane et al. [1982] using data from the single channel electrically scanning microwave radiometer on Nimbus 5. The synoptic pattern of snow melt over the sea ice is further demonstrated in the present paper; we suggest that spring and early summer changes in satellitederived microwave brightness temperatures occur on a regional basis in response to the surface radiation budget and synoptic variations in cloud cover. From the perspective of passive microwave radiometry, these emissivity changes represent the start of the transition from winter to summer ice conditions. Crane and Anderson [1989] describe the spring melt pattern in the Kara/Barents Sea in 1984, suggesting that changes in the ice cover in the Barents Sea were dominated by ice advection, while ice conditions in the Kara Sea were domi-nated by surface melt processes. The present paper concentrates on the Kara Sea but focuses on microwave emissivity changes occurring in the spring and early summer. In previous work we have suggested that similar changes observed in other parts of the SSIZ might be attributed to an increase in grain size within the snow pack [Anderson, 1987; Crane and Anderson, 1989] . Earlier work by Anderson and Robinson [1985] also shows that the areas where this signal appears are the same regions in which snow melt first becomes apparent in the visible-band satellite imagery, but the change is observed in the microwave brightness temperatures several weeks before it can be seen in the visible-band data. For microwave remote-sensing purposes, the ice cover is usually assumed to be a simple mix of first-year ice, multiyear ice, and open water. Multiyear ice in a microwave context is ice that has undergone the transition to a lower-density, less saline ice pack following brine drainage during the summer melt season. Differences in emissivity between ice and open water and the variation in emissivity with frequency for firstyear and multiyear ice are used for the operational retrieval of ice type and concentration [Cavalieri et al., 1984; Gloersen and Cavalieri, 1986 ]. The method is based on empirically derived functions that utilize two spectral ratios. The first is a polarization ratio with the polarization difference between ice and open water being used to estimate ice coverage. The second uses a spectral gradient ratio to derive information on ice type (the multiyear ice fraction). The gradient ratio makes use of the emissivity difference between first-year and multiyear ice, which changes as a function of frequency, with the difference between the 37-GHz and 18-GHz emissivities being positive for first-year ice and strongly negative for multiyear ice. Snow cover is usually neglected in these calculations.
Spring
The limited snow cover observations that are available suggest that snow depth generally varies from about 0 to 1.0 m with a mean of about 0.2-0.4 m [Hanson, 1980; Barry, 1983] . Since the skin depth for dry snow (in the SMMR frequency range) is of the order of 0.5 to 2.0 m, it is usually assumed that except for an unusually thick snow cover or during the melt season, snow will have little effect on the brightness temperature over sea ice [Zwally and Gloersen, 1977; Chang et al., 1976 Chang et al., , 1982 . During melt, however, several changes occur that do influence the emissivity. The most dramatic of these is a substantial increase in emissivity when the pack becomes "wet." As the pack warms to the melting point, there is an increase in the free-water content of the pack, which forms a thin film around the grains. This film reduces internal scatter and increases the emissivity for all ice types at all frequencies [Stiles and Ulaby, 1980; Livingstone et al., 1987] . The resulting spike in microwave brightness temperatures is usually assumed to mark the transition to summertime ice conditions, during which time the effectiveness of the operational ice retrieval algorithms are considerably reduced. The present paper demonstrates that equally significant snow emissivity changes may occur earlier in the spring, before substantial warming has occurred, and that these changes may also have a large impact on ice retrievals.
Because of their frequency dependence, the snow emissivity effects are also observed in the gradient ratio referred to above. In this case the spectral gradient ratio uses the difference between the 18-GHz and 37-GHz vertically polarized brightness temperatures and is given by Using the gradient ratio isolates changes that are frequency dependent (such as changes in snow crystal size) from those that affect both frequencies together (such as a change in physical temperature). In the present case the drop in the 37-GHz channel gives rise to negative gradient ratios. As negative gradient ratios are also indicative of multiyear ice, the present discussion of snow melt applies only to first-year ice regions. First-year ice in this context is defined in terms of microwave emissivity and represents ice that has not undergone a summer melt event. Once melt occurs, brine drainage from the ice pack changes the microwave emissivity significantly, and the resulting ice is referred to as multiyear ice regardless of its age. In practical terms, therefore, this analysis is limited to the seasonal sea ice zone in areas where there is little influx of multiyear ice from the Arctic Basin. ratios revert to the positive ratios characteristic of first-year ice. This drop in gradient ratios occurs too early in the season to be due to the formation of multiyear ice, and furthermore, multiyear ice once formed does not revert to first-year ice as this appears to do. An examination of the total and multiyear ice concentration maps for these time periods also shows that there is no advection of multiyear ice into or out of the area (possible sources of multiyear ice would be ice advected into the Kara Sea from the northeast or fast ice that remained along the coast from the previous summer). We will show later that in 1982 these changes occur under periods of extended clearsky conditions and are thus unlikely to be the result of an atmospheric effect. This indicates that the change in gradient ratios is due to a change in the emissivity of the first-year ice, and the most likely possibility is that it represents a change in the overlying snow cover. The timing of these emissivity changes is examined further in the present paper, using a radi- Conclusions SMMR-derived measurements over the first-year-ice region of the southern Kara Sea in spring 1982 and 1984 reveal areas of negative brightness temperature ratios that appear suddenly, persist for a couple of weeks, and then disappear. The gradient ratios in this case are calculated as the difference between the 37-GHz and 18-GHz vertically polarized brightness temperatures, and the negative ratios occur because of a sudden drop in brightness temperature at 37 GHz. These signatures are similar to occurrences reported during the early spring in other years and in other regions of the seasonal sea ice zone [Anderson, 1987] . Previous studies have shown that these regions are the first to exhibit snow and ice melt later in the spring, and these signatures are interpreted as representing the initial transition from winter to summer ice conditions. The negative gradient ratios in 1982 occur in association with clear skies and below-freezing temperatures. Calculations of the surface radiation budget for these time periods show that the longwave flux is negative and that the only energy input to the snow surface results from incoming solar radiation (the radiosonde data indicate that the sensible heat flux would also be negative). Our conclusion is that the negative ratios represent areas of depth hoar in the near-surface layers that form as a consequence of solar heating. The growth in crystal size increases the scatter and reduces emission in the 37-GHz channel, giving rise to the negative gradient ratios. For 1984 the radiation budget calculations show the possibility of surface melt and the formation of increased grain sizes and increased surface roughness following several days of freeze-thaw cycling. Why these signatures then disappear is unclear, but their disappearance may be due to further surface disturbance by wind action or precipitation.
Although the processes that give rise to the snow emissivity changes appear to be different in the two years, the significant fact is that in both years the microwave signal is regional and occurs as a response to changes in atmospheric temperature, cloud cover, and surface radiation budget. It is well known that ice retrievals are complicated in the summer by the emissivity change that accompanies the increase in liquid water in the pack. However, these results indicate that emissivity changes, which may introduce some error into the ice cover calculations, are also occurring much earlier in the spring and that the spatial and temporal distributions of these changes will be highly variable as a response to the synopticscale atmospheric circulation.
